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1 Introduction

The ram accelerator (RAMAC) is a novel propulsion concept [1]. It uses the shock-induced auto-ignition and
flame-stabilized combustion to accelerate the projectile, which travels at supersonic speed in a launch tube filled
with premixed combustible mixtures. Detailed investigations have been carried out previously by both
experimental and theoretical approaches [1] with three typical propulsion modes (sub-detonative, trans-
detonative and super-detonative) having been identified. Of these three detonative modes, one particular interest
in recent studies is the thermally choked sub-detonative mode which operates at Mach numbers ranging from 2.5
to 5 and the projectile travels just below the Chapman-Jouguet detonation speed [1] [2]. Figure 1 gives the key
flow features associated with this propulsion mode. As the projectile moves at supersonic speed, a system of
oblique shock waves is generated. The strong shock-boundary layer interactions cause significant thermal
heating on the projectile surface and under certain conditions; propellant ignition can be stabilized by flame
holding ability of the bluff projectile base. This will subsequently lead to the combustion of gas mixtures,
resulting in significant amount of energy release. The base pressure will increase and the pressure wave
propagates upstream generating a stronger normal shock wave on the rear part of the projectile, forming a large
subsonic flow region to further sustain the combustion. The flow accelerates to supersonic speed after the
thermal choking plane downstream. The combustion at the projectile base generates high pressure and thrust,
which accelerates the projectile to very high speeds. While this happens, however, the subsonic combustion itself
has a Mach number dependent time scale. In practice, the normal shock wave tends to be either oscillating or
monotonically moving upstream/downstream [3]. Furthermore, the choking location will be largely affected by
both the large-scale reactive structures presented in the combustion region and the effective shape of the
projectile (due to viscous effects). In principle, the inviscid flow models can be used to predict the position of the
normal shock-wave and to determine the theoretical bounds of the thermally chocked sub-detonative regime [1].
An earlier study based on one dimensional modeling [4] confirmed that the projectile acceleration and the
thermally choked pressure can be determined with fairly good agreement against the test data of the same
condition.

2 Numerical Approaches

The presence of oblique shock-waves and their reflections has significant impacts on the auto-ignition and
combustion because the latter are very sensitive to the flow conditions [5]. The traditional chemical kinetics

Corresponding author: tarek.bengherbia@lcd.ensma.fr 1



Tarek Bengherbia Numerical analysis of the Ram accelerator

analysis such as CHEMKIN requires much less simulation time, but it does not consider the detailed gas
dynamics of the flow over the projectile. The computational fluid dynamics (CFD) analysis, however, could
provide certain in-depth knowledge of the flow and some earlier studies based on CFD simulation of the
RAMAC have shown good agreement with the experiments conducted in the subdetonative propulsion mode. Li
[6] carried out 3D unsteady reactive flow simulations for a short period of physical time, and the results showed
that the sustainability of the subsonic combustion process and the normal shock on the projectile strongly depend
on the two key factors: (1) the energy release rate in combustion process, and (2) the separation speed between
the obturator and the projectile. Determination of the flow field details requires knowledge of the chemical
ignition delay time to get the most accurate results from the CFD analysis, however, the application of a reduced
chemical kinetics mechanism can in some cases adequately represent the ignition delay time. Nusca [7] reported
that the ignition of the gas mixture can be achieved by the flow stagnation on the projectile back plate (i.e.
obturator); this ignition process has also been numerically simulated by Li [8]. Peterson [9] developed two
skeletal mechanisms for reactive flow with CH4/O, and H,/O,, derived from 190-reactions and 38-species
chemical kinetic mechanism. These two models have successfully reproduced the high pressure and the low
dilution and have shown significant improvement over the existing reduced methane/oxidation mechanism,
particularly for a rich mixture at elevated pressure. The same model was employed by Nusca [10] to successfully
simulate the reactive flow over projectiles.

The current research uses a typical RAMAC projectile model, which has been tested at the University of
Washington [1], similar to those previous work described in above. The Reynolds-averaged Navier-Stokes
equations are solved together with Menter’s SST turbulence model [11] for viscous flow prediction. Both steady
and unsteady simulations are considered for different configurations (i.e. projectile with and without guiding
fins) and at different incoming Mach numbers of 3.5, 4, and 5. Furthermore the numerical solutions of reactive
flow are performed for the projectile in sub-detonative propulsion mode, where the projectile has been injected
into a stationary tube filled with gas mixture of hydrocarbon fuel (CH,4), Oxidizer (O,) and diluents (Nitrogen
N,) at fill pressure of 45 atm and temperature of 300K. A variety of reaction models have been adopted,
including the eddy dissipation model for finite-rate global and multi-steps chemical kinetics. It is crucial to
define the rate constants used in the reduced chemistry model. Instead of using a default value, we obtain this
from a separate chemical kinetics code CHEMKIN calculation. After the CFD simulation for obtaining the key
parameters such as the combustion volume control and length, the thrust will be calculated by an in-house code
TARAM which has been developed at the “laboratoire de combustion et détonique (LCD)” of Poitiers.
Numerical results are compared to measured pressure and velocities over the projectile.
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Figure 1. Flow over ram accelerator with thermallv

3 Results and discussions

3.1 Computational Procedure of the Flow over Finless Projectile

The computational procedure starts from non-reactive flow over a finless projectile model, i.e. the ‘clean’
projectile. The study is focused on the problem definition, geometry setting up, multi-block structured mesh
generation, and most importantly the grid resolution to identify a baseline mesh for further numerical

21" ICDERS — July 23-27, 2007 - Poitiers 2



Tarek Bengherbia Numerical analysis of the Ram accelerator

simulations. Steady and Unsteady cases are applied for ideal gas equations of state, and no chemical reaction
considered at this stage.

3.2 Projectile Configuration and Meshing of Flow Domain

A finless projectile configuration is adopted, which has been widely used in the majority of experimental work to
date [1]. The projectile has a bi-conical shape with the conical nose having a cone angle of 25 degree and a
length of 52 mm, and the main body cone of a small convergence angle of 1.909 degree and a length of 76mm.
The projectile has a maximum diameter of 23 mm, situated at the joint of two cones. The overall length of
projectile is thus 128 mm. The computational domain is started from a location of 10 mm ahead of the projectile
nose point and ended at a location of 262 mm downstream of the projectile base, resulting in an overall domain
length of 400 mm in axial direction. The cylindrical test tube has a diameter of 38 mm. Due to the axi-
symmetrical feature of the flow field, only a quarter of the complete cylindrical domain is considered. Same
domain will be used even in the case of projectile with four fins. A series of four meshes, of the same topology,
has been generated with the aim to identify the baseline grid with the appropriate resolution. Of which, one grid
with the minimum grid spacing in the near wall region varies from 0.056 mm to 0.018 mm, resulting in a value
between 2 to 24 in wall unit. Hence, it is decided to use this as baseline mesh for the rest of the simulations.

3.3 Simulation of non-reactive flow

Simulations were performed for different incoming Mach numbers (3.5, 4, 5), where free stream pressure and
temperature remain constants, 4.5 MPa and 300 K respectively. The aim is to investigate the flow field over the
ram accelerator and provide detailed information of pressure and temperature. The peaks in temperature and
pressure, as demonstrated in figure 2, move backward with the increase of the Mach number. Figure 3 gives the
comparison of tube wall temperature and pressure profiles along the axial direction; the abscissa is the distance
from the entrance of the domain.
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Figure 2: Temperature (a); pressure (b) profiles on the projectile wall.
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Figure 3: Temperature (a); pressure (b) profiles on the tube wall.
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3. 4 Simulation of reactive flow

Simulation continues with the same configuration of projectile, considering the flow field with the fuel/oxidizer
gas mixture at a composition of 2.7CH, +20, +5.6N,, that was used in the experimental test, using single step
and multi-steps chemical kinetics. Further detailed studies and comparisons with experimental results will be
presented in the final paper.
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